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Abstract
Context. The spin of supermassive black holes could power jets from active galactic nuclei (AGN), although direct observational
evidence for this conjecture is sparse. The accretion disk luminosity and jet power, on the other hand, have long been observed to
follow a linear correlation.
Aims. If jet power is coupled to black hole spin, deviations from the jet-disk correlation for a sample of AGN can be used to probe
the dispersion of the spin parameter (a) within this sample.
Methods. To obtain a large sample of radio-loud AGN, we matched double-lobed radio sources identified in Faint Images of the Radio
Sky at Twenty-centimeters (FIRST, 1.4 GHz) to spectroscopically confirmed quasars from the Sloan Digital Sky Survey (SDSS). We
obtain 763 FR II quasars with a median redshift of z = 1.1.
Results. A tight correlation between the optical luminosity of the accretion disk and the lobe radio luminosity is observed. We
estimate that 5–20% of the bolometric disk luminosity is converted to jet power. Most of the scatter to the optical-radio correlation is
due to environment; deviations from jet-disk coupling due to internal factors (e.g., spin) contribute at most 0.2 dex.
Conclusions. Under the assumption that the Blandford-Znajek mechanism operates in AGN, we obtain an upper limit of 0.1 dex
to the dispersion of the product of the spin and the magnetic flux threading the horizon. If black hole spin determines the AGN jet
efficiency, then our observations imply that all FR II quasars have very similar spin. In addition, the quasar spin distribution needs
to have a wide gap to explain the radio-quiet population. The alternative, and perhaps more likely, interpretation of the tight jet-disk
correlation is that black hole spin is not relevant for powering AGN jets.
1. Introduction
Accreting astrophysical objects often produce jets; outflows are
commonly observed to escape from active black holes, neutron
stars, white dwarfs, and young stellar objects. For all but the last,
their velocities are (at least mildy) relativistic (Reipurth & Bally
2001; Ko¨rding et al. 2008a; Mirabel & Rodrı´guez 1999). Despite
a wealth of observations, the launch mechanism of jets has so far
remained elusive.
Some authors argue that all disk-jet systems can be de-
scribed in a scale-invariant framework (e.g., Falcke et al. 1999;
McHardy et al. 2006; Migliari & Fender 2006; Ko¨rding et al.
2006). Jets from black holes, on the other hand, are often con-
sidered a separate class, since these are the only objects where
General Relativity can have a major influence on the dynam-
ics. In particular, it has often been conjectured that black hole
spin is the dominant parameter in determining jet power, because
space-time dragging can twist magnetic field lines (Blandford &
Znajek 1977). In the Blandford-Znajek mechanism, jet power is
coupled to the dimensionless spin parameter (a) and the mag-
netic flux (ΦB) that threads the horizon: Q j ∝ a2Φ2B.
Evidence for spin-powered jets has recently been claimed
for stellar mass black holes in X-ray binaries. Narayan &
McClintock (2012) observed a correlation between the 5 GHz
radio luminosity of the transient ballistic jet, which is launched
during the accretion state transition when the accretion rate is
close to the Eddington limit (Fender et al. 2004), and the spin
parameter of the black hole. Fender, Gallo, & Russell (2010), on
the other hand, reported no evidence for a correlation between
spin and a number of measurements that probe jet power. The
discrepancy between these two results (e.g., Russell et al. 2013
versus Steiner et al. 2013) could be due to source selection.
The spin of supermassive black holes is often invoked to ex-
plain why only about 10% of quasars are radio-loud (Kellermann
et al. 1989; Xu et al. 1999; Balokovic´ et al. 2012): only rapidly
spinning black holes produce powerful jets (e.g., Rees et al.
1982; Wilson & Colbert 1995; Moderski et al. 1998; Sikora
et al. 2007). In this is so-called spin-paradigm, the observed ra-
dio loudness maps to the supermassive black hole spin distribu-
tion. This distribution can be estimated by modeling black hole
growth from accretion. If an accretion episode is long enough,
maximum spin (a ≈ 1) is expected because the inner parts of
the accretion disk are forced to rotate in the equatorial plane of
the black hole (Bardeen & Petterson 1975). Simulations of spin
evolution that include both accretion and black hole coalescence
(Hughes & Blandford 2003; Gammie et al. 2004) typically yield
a smooth distribution of a; there is no gap between the high-spin
(a > 0.9) systems and the rest of the population (e.g., Volonteri
et al. 2007).
Alternatively, the low number of radio-loud quasars can be
explained by intermittent jet production due to state changes of
the accretion disk (Merloni et al. 2003; Nipoti et al. 2005). Hot
accretion or thick disks may be required to accumulate sufficient
magnetic flux near the black hole horizon (Beckwith et al. 2008;
Sikora & Begelman 2013).
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Figure 1. We observe a linear correlation between the lobe
radio luminosity and the bolometric quasar luminosity (solid
blue+cyan line). The dashed orange line shows the correlation
that one would obtain if all the radio sources clustered at the de-
tection threshold (Eq. 1). Our observations are sensitive to out-
liers of the correlation of 1 dex.
A direct measurement of the spin of supermassive black
holes can be obtained when the broad iron fluoressence line is
detected at high signal-to-noise, with simultaneous broadband
X-ray coverage to constrain line distortions due to absorption
(Risaliti et al. 2013). Hence this is currently possible only for a
restricted class of (nearby) AGN.
To study supermassive black hole spin for large populations,
we propose to use the well-known correlation between jet power
and disk luminosity. Jet-disk coupling has been observed us-
ing emission from the compact radio core (Falcke & Biermann
1995), the extended radio lobes (Rawlings & Saunders 1991),
and the power in X-ray cavities (Allen et al. 2006); these ob-
servations can be used to show that a constant fraction of about
10% of the disk luminosity is injected into the jet (Falcke et al.
1995; Ko¨rding et al. 2008b).
Since mass will disappear into the black hole while mag-
netic fields can pile up at the horizon, a linear coupling of ac-
cretion rate and jet power is not a natural result of the standard
Bandford-Znajek mechanism. However, in the magnetically ar-
rested disk (MAD; Narayan et al. 2003) scenario, black holes
that are saturated with magnetic flux obey Q j = ηMADM˙c2, with
ηMAD = 140% for a = 0.99 (Tchekhovskoy et al. 2011).
In this Letter, we will show that the scatter to the radio-
optical correlation for a sample of AGN can be used to constrain
the dispersion of black hole spin, or any other internal param-
eter that couples to jet power. Our approach is different from
previous radio-based studies (e.g., Nemmen et al. 2007; Daly
2009), which aimed to reproduce the observed jet power within
the spin paradigm. Since Doppler boosting of the compact radio
core of the jet smears out the radio-loudness distribution (Falcke
et al. 1996), we will only use the radio emission of the lobes of
FR II (Fanaroff & Riley 1974) sources. These lobes emit isotrop-
ically and can thus be used to obtain an orientation-independent
measurement of the jet power. If accretion onto compact objects
is scale-invariant, radio-loud quasars can be considered (e.g.,
Ko¨rding et al. 2006) to be the supermassive analogy of the bal-
listic jets that are launched when X-ray binaries switch between
accretion states. Recalling that a correlation between radio lumi-
nosity and black hole spin has been reported only for these jets
(Narayan & McClintock 2012), FR II quasars are arguably the
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Figure 2. The residuals of the correlation between bolometric
disk luminosity and lobe radio luminosity (Fig. 1) are well-
described by a Gaussian distribution with σ = 0.50 ± 0.01 dex.
most promising class of AGN to show the effects of spin on jet
power.
We adopt the following cosmological parameters h = 0.70,
ΩM = 0.3, ΩΛ = 0.7.
2. Selection of FR II quasars
The radio emission of FR II sources is dominated by two edge-
brightened lobes that are separated by ∼ 102 kpc. These sources
are easy to identify in images of the radio sky; a surveys with a
resolution a 10 arcsec can resolve pairs with a projected separa-
tion 100 kpc throughout the entire universe.
In an accompanying paper (van Velzen & Falcke, 2013, in
prep) we demonstrate that a large sample of FR IIs can be ob-
tained by simply searching for source pairs in catalogs of ra-
dio surveys. We use the catalog radio sources at 1.4 GHz from
FIRST (Faint Images of the Radio Sky at Twenty-centimeters;
Becker et al. 1995). These images have a resolution of 5 arcsec
FWHM and cover ∼ 104 deg2 to a limiting peak flux of 1 mJy.
We selected all pairs within a separation 10” < d < 60”, yielding
89,214 candidate FR IIs.
To assess the potential of constraining black hole spin with
radio observations, we have to consider the flux limit of our FR II
sample. To detect an extended source requires higher signal-to-
noise than for a point source, so the limit on the integrated flux
is a function of source compactness. Since we search for source
pairs, our flux limit also depends on the lobe-lobe flux ratio. We
thus obtain the following expression for the lower limit on the
sum of the integrated flux of the two lobes
S ν,lim = 1 mJy ×max(S int/S peak) × (1 + flobe−lobe) . (1)
Here max(S int/S peak) is the largest value of the inverse compact-
ness ratio of the two lobes (its median value is 1.8), and flobe−lobe
denotes the absolute value of the lobe-lobe flux ratio. Since the
lobe-lobe flux ratio peaks at unity, the median flux limit is 4 mJy.
We matched the centers of our radio-selected FR IIs to spec-
troscopically identified quasars (Richards et al. 2002; Schneider
et al. 2007) in the Sloan Digital Sky Survey (SDSS). We use the
Seventh Data Release (DR7; Abazajian et al. 2009) edition of
the catalog (Schneider et al. 2010), consisting of 105,783 quasars
with Mi < −22. For the match radius we use d/4, with d the lobe-
lobe separation (this ensures that the quasar is located between
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Figure 3. The jet-disk coupling parameter for two different mod-
els of synchrotron emission by the lobes. The Willott et al. (1999,
W99) model is based on minimum energy arguments; the me-
dian jet power in this model is q j = 0.2. For the Shabala &
Godfrey (2013, SG13) scaling we obtain q j ≈ 0.1.
the two lobes). We obtain 763 FR II quasars, the contribution of
random matches is only 1.6± 0.5%, because the areal density of
both the radio doubles and quasars is relatively sparse. The me-
dian redshift is z = 1.1; the median mass and Eddington ratio of
the FR II quasars is 109.2 M and 8%, respectively (Shen et al.
2011).
Next, we use the luminosity and frequency dependent bolo-
metric correction of Hopkins, Richards, & Hernquist (2007)
to convert the i-band flux to the bolometric quasar luminosity
(Lbol). The K correction for the rest-frame radio luminosity is
obtained using the mean spectral index of the lobes (α = −0.9).
We obtain a linear relation between bolometric disk luminos-
ity and the 1.4 GHz (rest-frame) lobe luminosity (Fig. 1) with〈
log Lbol/L1.4GHz
〉
= −3.6. The residuals of this correlation fol-
low a normal distribution with σoptical−radio = 0.50 ± 0.01 dex,
as obtained using an unbinned maximum likelihood fit (Fig. 2).
We also observed a highly significant flux-flux correlation (the
p-value for a Kendall’s tau rank analysis is 10−33), so our optical-
radio correlation is not induced by Malmquist bias.
The observed optical-radio correlation is consistent with the
Willott et al. (1999) minimal energy argument for synchrotron
emission, Q j ∝ L6/7bol f 3/2. For a fudge factor that is typical for
FR II sources, f = 10 (Blundell & Rawlings 2000), we find
that on average about 20% of the bolometric quasar luminosity
ends up in the jet, q j ≡ Q j/Lbol = 0.17. Recently, Godfrey &
Shabala (2013) presented a method to measure jet power from
the hotspot properties. These authors obtain Q j ∝ L0.8D0.58, with
D the source size (Shabala & Godfrey 2013). For this model, the
median jet-disk coupling parameter is q j = 0.08 (Fig. 3).
3. Measuring the spin contribution
In the previous section we obtained a sample of 763 FR II
quasars and found a linear relation between the lobe radio lu-
minosity and the bolometric disk luminosity. The residuals to
this correlation can be modeled with four separated Gaussian
distributions:
σ2radio−optical = σ
2
data + σ
2
environ + σ
2
delay + σ
2
internal = 0.50 dex. (2)
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Figure 4. The dispersion of black hole spin as obtained from
the residuals to the radio-optical correlation (Fig. 2). Here we
adopt the Blandford-Znajek mechanism to change coordinates,
L1.4GHz ∝ Q j ∝ Φ2Ba2. The lower limit on the external factors
(dashed orange line) provides a reasonable description of the
data. Hence the contribution due to spin or magnetic flux is con-
strained to a narrow range (black dotted line).
Below we present a lower limit for the first three external effects,
allowing us to obtain an upper limit to σinternal.
The scatter due to the measurement uncertainty (σdata) is
dominated by the dispersion in the bolometric correction that
we applied to the optical luminosity. For quasars observed at
optical wavelengths, this dispersion is measured to be 0.15 dex
(Hopkins et al. 2007).
From symmetry arguments, we can assume that two jets
from one black hole carry equal kinetic energy, hence the lobe-
lobe flux ratio can be used to obtain a lower limit on the effect
of the local environmental on differences in the radio luminos-
ity (σenviron). The lobe-lobe flux ratio can be modeled with a
Gaussian distribution with σ = 0.39 dex. Under the conserva-
tive assumption that the quasar-to-quasar fluctuations in envi-
ronment are similar to the fluctuations probed by two jets from
one quasar, we obtain σenviron > 0.39 dex.
The radio emission is delayed and smeared with respect to
our optical view of the quasar, since it takes time for the energy
produced near the black hole to reach the lobes. Evolution of
the quasars during this ∼ 106 yr delay will also introduce scatter
to the optical-radio correlation. The longest baselines of optical
quasar light curves reach 50 yr (in the observer’s frame); a struc-
ture function analysis reveals 0.28 mag variability for this time
scale (MacLeod et al. 2012). We thus obtain the very conserva-
tive lower limit, σdelay > 0.11 dex. We note that for quasars with
a radio luminosity that is a factor ten below the radio-optical
correlation (Fig. 1), we find a median core-to-lobe ratio of 1.4.
Only 6% of all FR II quasars in our sample have such strong
cores, providing evidence that the largest outliers to the optical-
radio correlation are due to a delay between the newly activated
disk luminosity and the lobe radio luminosity.
The three measurements discussed above can be combined
to find a strict lower limit on the external contributions to devi-
ations from jet-disk coupling, σexternal > 0.45 dex. We now ob-
tain an upper limit for the remaining contribution by processes
that could influence the jet power, σinternal = 0.24 ± 0.03 dex.
Adopting the standard Blandford-Znajek mechanism, this trans-
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lates into an upper limit on the dispersion of the product of black
holes spin and magnetic flux, σBZ < 0.12 dex (Fig. 4).
4. Discussion
We observed a tight correlation between radio and optical lumi-
nosity using a large sample of FR II quasars at z ∼ 1. After cor-
recting for the environment and other external factors that con-
tribute to the scatter around this correlation, we find that factors
that are internal to the black hole can change the jet power by at
most 0.24 dex. For jets powered by a Blandford-Znajek mecha-
nism, Q j ∝ Φ2Ba2, this implies σBZ < 0.12.
Most of the SDSS quasars are not detected as FR II radio
sources in the FIRST survey (see also de Vries et al. 2006; White
et al. 2007). Adopting the spin paradigm, this would imply that
the spin of the radio-quiet quasars is at least a factor of three
lower than the mean spin of the FR II quasars. The typical value
for this spin-reduced jet power is 2× 1038 W; this is much larger
than the median FR II jet power (e.g., Antognini et al. 2012),
hence such radio-quiet quasars would not be missing from our
sample because their jets are too weak to obtain an FR II mor-
phology. We also note that the spin-alignment time of quasars
(e.g., Volonteri et al. 2007) is at least an order of magnitude
longer than the typical lifetime of powerful FR IIs (Carilli et al.
1991), so our radio selection is not biased to high spin black
holes.
Our results appear to be at odds with the analysis of X-ray
binaries by Narayan & McClintock (2012), who observed a cor-
relation between radio luminosity and black hole spin that spans
three orders of magnitude. If radio-loud quasars also follow this
correlation, the small scatter to the optical-radio correlation im-
plies that these supermassive black holes all have a similar spin
parameter. We consider a narrow distribution of black hole spin
for radio-loud quasars, plus a wide gap to explain the radio-quiet
quasars, an unnatural result of black hole evolution. Since spin-
up and spin-down are both expected to occur during the growth
of a black hole, one generically obtains a smooth distribution for
the spin parameter.
For quasars at z ∼ 1, massive accretion events triggered by
major mergers may yield a high (a > 0.6) mean spin, with mod-
est scatter (Volonteri et al. 2012). In this scenario, which is con-
sistent with our upper limit on the dispersion of spin for FR IIs,
jet-spin coupling via the Blandford-Znajek mechanism clearly
fails to explain why the majority of quasars are radio-quiet. To
explain our observations within the spin paradigm, one is forced
to adopt a very strong jet-spin coupling, such that high spin ef-
fectively acts as a threshold for jet production (Tchekhovskoy
et al. 2010). In this case, however, one would expect an asym-
metric distribution of residuals, which is not observed (Fig. 2).
In the MAD scenario, introduced on page 2, jet power is in-
dependent of magnetic flux and is proportional to the accretion
rate. Hence for a = 1 this model would naturally predict lin-
ear jet-disk coupling with no scatter due to internal parameters.
Unfortunately, the predicted MAD jet efficiency (ηMAD ≈ 1.4 a2)
for maximally spinning black holes is a factor of 100 higher
than the observed mean efficiency of the FR II quasars (Fig. 3):
Q j ≈ 0.1Lbol ≈ 10−2M˙c2.
We thus conclude that the observed radio-optical correlation
supports a tight jet-disk coupling (Rawlings & Saunders 1991;
Falcke & Biermann 1995) and suggest that the power output
from the inner part of the accretion disk dominates over the
power extracted from the black hole by the Blandford-Znajek
mechanism (Livio et al. 1999). Spin, or in fact any other internal
parameter that can vary from quasar to quasar, is not a dom-
inant parameter for powering jets. This leaves intermittent jet
production due to state changes of the accretion disk as the best
explanation for the radio loudness distribution of quasars.
Acknowledgments — We would like the thank the referee,
Demos Kazanas, for the swift reply. We are grateful to P. L.
Biermann, J. Dexter, T. M. Heckman, J. Hlavacek-Larrondo,
E. Ko¨rding, J. H. Krolik, J. E. McClintock, B. D. Metzger, R.
Narayan, R. S. Nemmen, H. Ro¨ttering, B. S. Sathyaprakash, M.
Sikora, J. F. Steiner, R. L. White, and N. L. Zakamska for useful
discussions.
This work was supported by an ERC Advanced Grant
(n. 227610). The National Radio Astronomy Observatory is
a facility of the National Science Foundation operated un-
der cooperative agreement by Associated Universities, Inc.
Funding for the SDSS and SDSS-II has been provided by
the Alfred P. Sloan Foundation, the Participating Institutions,
the National Science Foundation, the U.S. Department of
Energy, the National Aeronautics and Space Administration, the
Japanese Monbukagakusho, the Max Planck Society, and the
Higher Education Funding Council for England.
References
Abazajian, K. N., Adelman-McCarthy, J. K., Agu¨eros, M. A., et al. 2009, ApJS,
182, 543
Allen, S. W., Dunn, R. J. H., Fabian, A. C., Taylor, G. B., & Reynolds, C. S.
2006, MNRAS, 372, 21
Antognini, J., Bird, J., & Martini, P. 2012, ApJ, 756, 116
Balokovic´, M., Smolcˇic´, V., Ivezic´, Zˇ., et al. 2012, ApJ, 759, 30
Bardeen, J. M. & Petterson, J. A. 1975, ApJ, 195, L65
Becker, R. H., White, R. L., & Helfand, D. J. 1995, ApJ, 450, 559
Beckwith, K., Hawley, J. F., & Krolik, J. H. 2008, ApJ, 678, 1180
Blandford, R. D. & Znajek, R. L. 1977, MNRAS, 179, 433
Blundell, K. M. & Rawlings, S. 2000, AJ, 119, 1111
Carilli, C. L., Perley, R. A., Dreher, J. W., & Leahy, J. P. 1991, ApJ, 383, 554
Daly, R. A. 2009, ApJ, 691, L72
de Vries, W. H., Becker, R. H., & White, R. L. 2006, AJ, 131, 666
Falcke, H. & Biermann, P. L. 1995, A&A, 293, 665
Falcke, H., Bower, G. C., Lobanov, A. P., et al. 1999, ApJ, 514, L17
Falcke, H., Malkan, M. A., & Biermann, P. L. 1995, A&A, 298, 375
Falcke, H., Sherwood, W., & Patnaik, A. R. 1996, ApJ, 471, 106
Fanaroff, B. L. & Riley, J. M. 1974, MNRAS, 167, 31P
Fender, R. P., Belloni, T. M., & Gallo, E. 2004, MNRAS, 355, 1105
Fender, R. P., Gallo, E., & Russell, D. 2010, MNRAS, 406, 1425
Gammie, C. F., Shapiro, S. L., & McKinney, J. C. 2004, ApJ, 602, 312
Godfrey, L. E. H. & Shabala, S. S. 2013, ApJ, 767, 12
Hopkins, P. F., Richards, G. T., & Hernquist, L. 2007, ApJ, 654, 731
Hughes, S. A. & Blandford, R. D. 2003, ApJ, 585, L101
Kellermann, K. I., Sramek, R., Schmidt, M., Shaffer, D. B., & Green, R. 1989,
AJ, 98, 1195
Ko¨rding, E., Rupen, M., Knigge, C., et al. 2008a, Science, 320, 1318
Ko¨rding, E. G., Jester, S., & Fender, R. 2006, MNRAS, 372, 1366
Ko¨rding, E. G., Jester, S., & Fender, R. 2008b, MNRAS, 383, 277
Livio, M., Ogilvie, G. I., & Pringle, J. E. 1999, ApJ, 512, 100
MacLeod, C. L., Ivezic´, Zˇ., Sesar, B., et al. 2012, ApJ, 753, 106
McHardy, I. M., Koerding, E., Knigge, C., Uttley, P., & Fender, R. P. 2006,
Nature, 444, 730
Merloni, A., Heinz, S., & di Matteo, T. 2003, MNRAS, 345, 1057
Migliari, S. & Fender, R. P. 2006, MNRAS, 366, 79
Mirabel, I. F. & Rodrı´guez, L. F. 1999, ARA&A, 37, 409
Moderski, R., Sikora, M., & Lasota, J.-P. 1998, MNRAS, 301, 142
Narayan, R., Igumenshchev, I. V., & Abramowicz, M. A. 2003, PASJ, 55, L69
Narayan, R. & McClintock, J. E. 2012, MNRAS, 419, L69
Nemmen, R. S., Bower, R. G., Babul, A., & Storchi-Bergmann, T. 2007,
MNRAS, 377, 1652
Nipoti, C., Blundell, K. M., & Binney, J. 2005, MNRAS, 361, 633
Rawlings, S. & Saunders, R. 1991, Nature, 349, 138
Rees, M. J., Begelman, M. C., Blandford, R. D., & Phinney, E. S. 1982, Nature,
295, 17
Reipurth, B. & Bally, J. 2001, ARA&A, 39, 403
Richards, G. T., Fan, X., Newberg, H. J., et al. 2002, AJ, 123, 2945
Risaliti, G., Harrison, F. A., Madsen, K. K., et al. 2013, Nature, 494, 449
4
van Velzen & Falcke: The contribution of spin to jet-disk coupling
Russell, D. M., Gallo, E., & Fender, R. P. 2013, MNRAS, 431, 405
Schneider, D. P., Hall, P. B., Richards, G. T., et al. 2007, AJ, 134, 102
Schneider, D. P., Richards, G. T., Hall, P. B., et al. 2010, AJ, 139, 2360
Shabala, S. S. & Godfrey, L. E. H. 2013, ApJ, 769, 129
Shen, Y., Richards, G. T., Strauss, M. A., et al. 2011, ApJS, 194, 45
Sikora, M. & Begelman, M. C. 2013, ApJ, 764, L24
Sikora, M., Stawarz, Ł., & Lasota, J.-P. 2007, ApJ, 658, 815
Steiner, J. F., McClintock, J. E., & Narayan, R. 2013, ApJ, 762, 104
Tchekhovskoy, A., Narayan, R., & McKinney, J. C. 2010, ApJ, 711, 50
Tchekhovskoy, A., Narayan, R., & McKinney, J. C. 2011, MNRAS, 418, L79
Volonteri, M., Sikora, M., & Lasota, J.-P. 2007, ApJ, 667, 704
Volonteri, M., Sikora, M., Lasota, J.-P., & Merloni, A. 2012, ArXiv:1210.1025
White, R. L., Helfand, D. J., Becker, R. H., Glikman, E., & de Vries, W. 2007,
ApJ, 654, 99
Willott, C. J., Rawlings, S., Blundell, K. M., & Lacy, M. 1999, MNRAS, 309,
1017
Wilson, A. S. & Colbert, E. J. M. 1995, ApJ, 438, 62
Xu, C., Livio, M., & Baum, S. 1999, AJ, 118, 1169
5
